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Abstract

 

The cellular mechanisms of human skeletal muscle adaptation to disuse are largely unknown. The aim of this study
was to determine the morphological and biochemical changes of the lower limb soleus and vastus lateralis muscles
following 60 days of head-down tilt bed rest in women with and without exercise countermeasure using molecular
biomarkers monitoring functional cell compartments. Muscle biopsies were taken before (pre) and after bed rest
(post) from a bed rest-only and a bed rest exercise group (

 

n

 

 

 

=

 

 8, each). NOS1 and NOS3/PECAM, markers of myofibre
‘activity’ and capillary density, and MuRF1 (E3 ubiquitin-ligase), a marker of proteolysis, were documented by
confocal immunofluorescence and immunoblot analyses. Morphometrical parameters (myofibre cross-sectional
area, type I/II distribution) were largely preserved in muscles from the exercise group with a robust trend for type
II hypertrophy in vastus lateralis. In the bed rest-only group, the relative NOS1 immunostaining intensity was
decreased at type I and II myofibre membranes, while the bed rest plus exercise group compensated for this loss
particularly in soleus. In the microvascular network, NOS3 expression and the capillary-to-fibre ratio were both
increased in the exercise group. Elevated MuRF1 immunosignals found in subgroups of atrophic myofibres probably
reflected accelerated proteolysis. Immunoblots revealed overexpression of the MuRF1 protein in the soleus of the
bed rest-only group (

 

> 

 

35% vs. pre). We conclude that exercise countermeasure during bed rest affected both NOS/
NO signalling and proteolysis in female skeletal muscle. Maintenance of NO signalling mechanisms and normal protein
turnover by exercise countermeasure may be crucial steps to attenuate human skeletal muscle atrophy and to
maintain cell function following chronic disuse.
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Introduction

 

Neuromusculoskeletal system plasticity and the underlying
biomolecular and genetic mechanisms of plasticity changes
are fundamental aspects of skeletal muscle biology and
adaptation (Billeter et al. 1997; Fluck & Hoppeler, 2003).
Whole-body immobilization in clinical settings or microgravity-
induced unloading during spaceflight result into various
detrimental effects upon multiple body systems (body
deconditioning) with regressive/atrophic mechanisms
primarily observed by altered neuromusculoskeletal system
structure and function, e.g. muscle fatigue and weakness

(Hakkinen, 1994). As a result, an overall impaired perform-
ance control on Earth or in microgravity in space can be
observed (Baldwin et al. 1996).

In addition to investigations on the cellular, molecular
and genetic regulators that may account for skeletal
muscle adaptation (Booth et al. 2002; Stewart & Rittweger,
2006), optimal forms of countermeasure prescriptions must
be established to support physical activity and movement
control, and to ensure fitness for, for example, locomotor
disorders in clinical patients and rehabilitation (Dietz &
Duysens, 2000), or performance control of astronauts in
outer space (Adams et al. 2003). The 6

 

°

 

 head-down tilt bed
rest model is an accepted functional analogue to micro-
gravity environments (Adams et al. 2003). Bed rest provides
a scientifically controlled and ethically acceptable experi-
mental set-up for studying atrophy and plasticity as well as
maladaptation of the neuromusculoskeletal system in
sufficient numbers of healthy volunteers in specialized
facilities or university hospitals (Blottner, 2007). As the
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amount of loss in skeletal muscle mass occurs exponentially
in relation to the duration of muscle in bed rest (Bloom-
field, 1997) and as differences of, for example, skeletal
muscle composition and exercise capacity seem to occur
between male and female subjects (Yamamoto et al. 1997;
Koryak, 1998) the cellular responses of skeletal muscle
functional compartments to chronic unloading conditions
need to be determined for both genders in controlled bed
rest studies of various durations.

In the WISE Study 2005, i.e. female 60 days head-down
tilt bed rest, our principal aim therefore was to deter-
mined the effects of chronic muscle disuse and exercise
countermeasure by high-resolution confocal immuno-
histochemistry and quantitative immunoblot analyses using
specific biomarkers that should monitor altered expres-
sion of specific proteins relevant to functional skeletal
muscle compartments. Muscle biopsies were taken before
and after bed rest from the mixed fast/slow-type vastus
lateralis (VL) and the mainly slow-type soleus muscle (SOL).
Subject-matched biopsies were analysed for the expres-
sion of nitric oxide (NO)-synthase (NOS), an indicator of
‘activity’ as previously shown in a male bed rest study
(Rudnick et al. 2004). The NO-generating enzymes are
abundantly found in human skeletal muscle fibres (Nakane
et al. 1993) and at the endothelial layer of the muscular
microvasculature (Rudnick et al. 2004). Intramuscular NO
signalling pathways are associated with muscle activity
under normal and chronic exercise conditions (Fujii et al.
1998; Tidball et al. 1998; Vassilakopoulos et al. 2003) as
well as in limb blood flow and microperfusion (Maxwell
et al. 1998; Lau et al. 2000). Yet, expression of NOS in
female skeletal muscle in response to extended bed
rest immobilization with and without exercise remains
unknown.

Disuse-induced atrophy is characterized by considerable
protein degradation (Ferrando et al. 2002) and possibly
activation of the ubiquitin (Ub)–proteasome pathway
(Jackman & Kandarian, 2004). Our second aim therefore
was to monitor proteolysis in atrophic vs. trained muscle
biopsies at the level of muscle fibres in bed rest with the
proteolysis biomarker protein muscle-specific RING finger
type-1 (MuRF1), a sarcomere-associated E3 Ub-ligase that
is upregulated by multiple types of muscle atrophy (Glass,
2003). We hypothesized that in the bed rest-only group
elevated MuRF1 levels found in biopsies and in individual
myofibres might reflect accelerated proteolysis in skeletal
muscle. Exercise performed during bed rest might, in turn,
result in normal MuRF1 levels, suggesting maintenance of
relatively normal protein turnover rates thus indicating
less atrophy in disused human muscles. Specific biomarkers
may thus help to understand further some of the cellular
responses to chronic muscle inactivity and may be used to
evaluate the efficacy of exercise countermeasure proto-
cols at the level of muscle fibres in conditions of clinical
bed rest or human spaceflight.

 

Material and methods

 

Ethical considerations

 

This study was based on two needle biopsies from each
subject [i.e. one before (designated preBR) and one at the
end of the bed rest period (designated postBR)] of the VL
and SOL muscle from the right leg of a bed rest-only (BR-
CTRL) and a bed rest exercise (BR-EX) group. Each volun-
teer gave informed written consent to the muscle biopsies.
Biopsy procedures were approved by the local Ethical
Committee [le comité consulative de protection des
personnes dans la recherché biomédicale de Toulouse I
(CCPPRB), France]. The study rules of WISE were in accord-
ance with the Declaration of Helsinki, 1964, and the Good
Clinical Practice Recommendations of the International
Conference on Harmonisation.

 

The bed rest campaign

 

The WISE 60-day strict anti-orthostatic 6

 

°

 

 head-down tilt
(HDT) bed rest campaign took place in 2005 at the Clinique
Spatiale MEDES (www.medes.fr, CHU Rangueil University
Hospital, Toulouse, France). The study was part of an
international collaboration between space agencies, i.e.
the ESA (www.spaceflight.esa.int), NASA (www.nasa.gov),
CSA (www.space.gc.ca) and National Space Agency of
France, CNES (www.cnes.fr). Twenty-four healthy age- and
weight-matched non-smoking women (Table 1) were recruited
from nine different European countries and randomly
assigned to three different groups (each 

 

n

 

 

 

=

 

 8), i.e. a bed
rest-only group (BR-CTRL) without training, a nutrition
group (NUTR) subjected to a special amino acid diet (

 

n 

 

=

 

 

 

8,
not included in the present study) and a training group
(BR-EX) performing exercise during bed rest (i.e. fly-wheel
plus LBNP treadmill, see below). All groups underwent
strict minus 6

 

°

 

 head-down tilt bed rest in two subsequent
campaigns in 2005. All candidates gave informed consent
to participate in this study. At the time of being recruited,
the volunteers were neither involved in regular intense or
systematic training programmes nor under hormonal
contraception medication for at least 3 months prior to or
during the WISE study. All subjects were kept in strict
anti-orthostatic supine position except for during meals

Table 1 Pre bed rest anthropometric data

Control Exercise

Age (years)  34 ± 4  33 ± 4
Height (cm) 162.3 ± 6.2  164 ± 7.1
Weight (kg)* 56.3 ± 3.0 58.4 ± 6.4
BMI (kg m–2) 21.20 ± 0.93 21.75 ± 1.52

*Obtained during study familiarization; mean ± SD.
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(elevation on one elbow allowed). Transportation, shower-
ing, toileting as well as training procedures were restricted
to the bed rest recumbent position. To ensure compliance,
video surveillance and pressure-sensitive matresses moni-
tored the volunteers at all times with the only exception
being for daily bathroom and shower activities. Except for
training interventions of the exercise group, no physical
activity was allowed during bed rest. Physiotherapy,
massage and ankle circumduction movements as well as
medical checks were provided daily. All subjects received
identical nutrition calculated on the basis of pre-study
body weights according to the WHO standards in order
to avoid significant weight variations due to over/
undernourishment.

 

Bed rest groups

 

The bed rest-only group (BR-CTRL) consisted of eight healthy
female subjects (Table 1) adherent to a strict minus 6

 

°

 

head-down tilt BR position without any further exercise.
The bed rest position results in the mechanical unloading
preferentially of lower limb muscle groups (e.g. thigh and
calf) as well as in a cranial blood volume/fluid shift from
lower to upper body with cardiovascular deconditioning,
which ultimately leads to the exponential development of
disuse-induced skeletal muscle and cardiac atrophy during
ongoing bed rest (LeBlanc et al. 1997).

The bed rest exercise group (BR-EX) consisted of eight
healthy female volunteers (Table 1) who in addition to
bed rest were engaged in a combined resistive and aerobic
muscle training protocol during the 60-day study. Resistive
exercise in this group was performed using an inertial fly-
wheel ergometer (FEW; YoYo® Technology Inc., Sweden)
for use in bed rest or spaceflight (Berg & Tesch, 1998). The
exercise group thus trained the knee extensors of the
thigh and plantar flexors of the calf muscle groups using
supine squat and calf press exercises at maximal strength
as previously described (Alkner & Tesch, 2004). A total of
19 FWE sessions were scheduled for each subject approxi-
mately every third day starting on day 2 of bed rest. Ten
minutes of light supine cycling and submaximal supine
squat and calf press repetitions were completed as warm-
up. The supine squat exercise consisted of four sets of
seven maximal concentric and eccentric repetitions, while
the calf press exercise consisted of four sets of 14 maximal
concentric and eccentric repetitions with 2 min resting
time between each sessions. Force and flywheel rotational
velocity were measured, and work and power were calcu-
lated throughout each repetition as in a previous 90-day
study conducted in males (Alkner & Tesch, 2004).

Aerobic exercise was performed in the BR-EX group dur-
ing the 60-day bed rest period three times a week (between
resistive FWE intervals) using a supine lower body negative
pressure (LBNP) treadmill device. In principle, the device
consists of a vacuum chamber that provides an attractive

force between subject and a vertical treadmill to substi-
tute for the effects of gravity (e.g. axial load of about
60–65% of their body weight) in upright exercise (Waten-
paugh et al. 2000). The negative pressure required to
produce 1.0

 

×

 

 body weight (BW) and to normalize heart
rate to upright exercise in 1

 

g

 

 was approximately 48–
55 mmHg. For use in supine bed rest position, a sling sup-
ported the subject’s upper body with a solid back support
outside the chamber, and the hips were supported with a
soft sling inside the chamber. Soft Velcro-reinforced fabric
cuffs were placed above the knees and ankles. A bungee
cord connected the cuffs at their respective positions
through pulleys suspended from the inside top of the
chamber. In this way, the legs counterbalanced each other
and minimized the work required to move against gravity.
The distance between the treadmill and the chamber
opening was adjusted such that the iliac crest was posi-
tioned at the level of the opening when the subject’s feet
were pressed lightly against the treadmill with legs fully
extended. Three days per week, subjects performed 40 min
of dynamic treadmill exercise, followed by 10 min of resting
LBNP. This protocol was similar to that which successfully
preserved upright exercise capacity during 30 days of bed
rest (Lee et al. 1997). Target speeds to achieve various
exercise intensities (i.e. 40–80% of preBR VO

 

2 

 

peak) were
prescribed based upon a linear relationship between
treadmill speed and VO

 

2

 

 determined during the preBR
graded exercise test performed in upright posture. LBNP
produced foot-ward force of 1.0

 

×

 

 BW at the start of BR
and was increased up to 1.2

 

×

 

 BW during BR, based upon
subject tolerance to the exercise countermeasure. During
the course of the 60-day BR, 29 exercise sessions were
prescribed for each subject. Of the exercise sessions
performed, the mean exercise time was 50 

 

±

 

 2 min on each
training day. Across all exercise sessions completed, the
average LBNP was 52 

 

±

 

 3 mm Hg, which corresponded to a
mean loading of 1.0 

 

±

 

 0.1 BW sufficient to produce an
adequate weight-bearing muscle load and cardiovascular
support for supine treadmill exercise. A detailed description
of the LBNP device and exercise protocol during the
WISE Study has been published elsewhere (Dorfman et al.
2007).

 

Muscle biopsy

 

One day before start of strict BR (BDC-1, designated as
preBR), and at day 59 of BR (BR59, designated as postBR),
two biopsies were taken from each volunteer, one from
mixed/fast-type VL, the lateral aspect of the hip muscle (m.
quadriceps femoris), and one from the mainly slow-type
SOL muscle, the deep aspect of the calf muscle (triceps surae)
of the right leg while still in the bed with the percutaneous
needle biopsy technique (Bergstrom, 1979) combined with
suction (Evans et al. 1982). For immunohistology, small
samples of approximately 30 mg per biopsy were orientated
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with their myofibres running longitudinally under binocular
control in 5-mm-diameter silicone tubes filled with
embedding medium (OCT; www.medite.ch). The samples
in tubes were immediately frozen in isopentane precooled
with liquid nitrogen and stored at –80 

 

°

 

C. For biochemistry,
samples of ~30 mg per biopsy were immediately shock-
frozen in liquid nitrogen and stored at –80 

 

°

 

C. The biopsy
protocol for WISE was essentially the same as for previous
bed rest studies (LTBR 2001, BBR 2003) including a subject-
matched analysis (i.e. the pre vs. post biopsies were from
identical volunteers) in order to balance the anticipated
intersubject variability (Rudnick et al. 2004).

 

Immunohistochemistry and confocal laser scanning 
(CLS) microscopy

 

Frozen samples were removed from the silicone tubes and
serial cross-sections were cut at 10 

 

μ

 

m of thickness in a
cryostat (LEICA CM 3000; www.leica-microsystems.com),
mounted to protein-coated and coded slides and sub-
jected to various immunohistochemical staining protocols.
We used primary monoclonal antibodies against the
neuronal NOS type-1 (NOS1) isoform (n-terminal amino
acids 2–300; www.scbt.com), human endothelial NOS3
(c-terminal amino acids 1025–1203) isoform (bdbio-
sciences.com), monoclonal anti-PECAM-1 (anti-human plate-
let endothelial cell adhesion molecule, anti-human CD31,
clone # JC70A, diluted 1 : 25; www.dako.com). Primary
antibodies were diluted 1 : 1000–1 : 1500 and incubated
overnight at 4 

 

°

 

C followed by incubation with Alexa 488/
Alexa 555-conjugated goat anti-mouse secondary anti-
body diluted 1 : 200–1 : 4000 for 1 h at room temperature
(RT; www.invitrogen.com). We also used a polyclonal
goat-anti-muscle RING zinc finger protein-1 (MuRF1)
found in striated muscle (www.abcam.com) diluted 1 : 100
overnight at 4 

 

°

 

C, followed by donkey anti-goat ALEXA
555 (1 : 1500) for 1 h at RT. Controls include incubation of
cryosections with secondary antibody only and antibody
blocking peptide if available. In order to test for cross-
reactivity of secondary antibodies, various secondary
detection antibodies from different hosts were checked
and finally chosen for double immunohistochemistry.
Labelled cryosections were inspected by routine light and
epifluorescence microscopy (www.zeiss.com/micro) and by
a high-signal resolution LEICA SP-2 CLS microscope equipped
with a multilaser system (Ar laser, 458–514 nm; HeNe laser,
543 nm; HeNe laser, 633 nm) under standardized laser
scanning presettings [i.e. 1024 

 

×

 

 1024 scan format, 150–
350 nm

 

2

 

 voxel size, Ar/HeNe laser intensities (25% and 50%
intensity) and gain settings (500 

 

±

 

 10.0 V)] of the three
photomultipliers (www.leica-microsystems.com/ Confocal_
Microscopes). Multi-channel detection was made by the
sequential scan mode to avoid overlapping fluorescence
emission signal detection in double-immunostained
sections, as previously described (Rudnick et al. 2004).

 

Myofibre type composition, cross-sectional area and 
NOS1 intensity

 

The fast and slow fibre type composition of muscles were
analysed by double labelling of cryosections with mono-
clonal anti-skeletal fast-type myosin (clone My32, diluted
1 : 1500), a selective type II marker cross-reactive with anti-
gens IIA, IIB and IIC/X, and slow-type myosin heavy chain
(clone NOQ7.5.4D, 1 : 1000; www.sigmaaldrich.com), a
selective type I marker. Both antigens are preferentially
expressed in fast-twitch type II and slow-twitch type I
myofibres. The primary antibodies were detected by
secondary goat anti-mouse Alexa 555 (1 : 2000) and/or
Alexa 488 (1 : 4000) for 1 h at RT, respectively (www.
invitrogen.com). Only major populations of myofibres I and II
with clear borders were screened. Therefore, transient
fibre types and subclassifications based on myofibrillar pH
stability/lability of ATPase and MHC content (Staron, 1997)
were not determined in the present study. Similar primary
and secondary antibody dilutions were used for double
immunostaining protocols identifying sarcolemma NOS1
immunoreactivity at individual myofibre types I vs. II. The
mean cross-sectional areas (CSAs) of myofibres I and II were
measured in digitized images of NOS1/fast MyHC or slow
MyHC single and double-stained cryosections by use of the
LEICA image analysis software (release #2.61.1537). A few
myofibres expressing only faint My-32 immunolabelling
(hybrid fibres) were excluded from all measurements. Myofibre-
specific CSA values (

 

μ

 

m

 

2

 

) were given as percentage relative
difference (% change) of pre bed rest (arbitrarily set as
zero baseline %) vs. post bed rest data (

 

Δ

 

% from zero baseline)
using the subject-matched analysis. The relative fluorescence
intensity of NOS1-immunolabelled sarcolemma of myofibres
I and II was determined by pixel-intensity measurements in
digitized image scans as previously described (Rudnick
et al. 2004). Briefly, a small rectangular box (region of
interest, ROI) of approximately 2400 pixels (40 

 

×

 

 8 

 

μ

 

m or
320 

 

μ

 

m

 

2

 

 area) was created and positioned via the cursor
over four different sarcolemma portions on the basis of
individual cross-sectioned myofibre I or II profiles in digi-
tized images. Each ROI included only sarcolemma portions
of the same myofibre type in order to get separate meas-
ures from the two different myofibre types I and II, and to
avoid bias in the placement of the ROI (i.e. covering two
adjacent membrane portions of neighbouring type I and II
profiles). Pixel intensities were then calculated from each
ROI given as mean arbitrary units (a.u.) 

 

±

 

 SEM.

 

The microvascular network of skeletal muscle

 

Immunofluorescence detected endothelial-derived NOS3
in the microvasculature and quantitative detection of
the capillarity was done by NOS3/PECAM-1 (CD31) co-
immunostaining followed by quantitative determination of the
capillary-to-fibre ratio (C/F ratio) as a global representation
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of the capillary supply in arbitrary groups of cross-sectioned
myofibres. From each sample, three immunostained cryo-
sections were digitally scanned by CLS under standardized
conditions (

 

×

 

20 objective magnification, 150 

 

×

 

 150 nm voxel
size, 1024 

 

×

 

 1024 scan format). In three separate cryosections,
NOS3/PECAM-1 co-immunostained capillary profiles located
at endomysial connective tissue were counted manually by
two independent investigators in selected artefact-free ROIs
(area of about 97 500 

 

μ

 

m

 

2

 

) on an individual-fibre basis in
randomly distributed blocks of 15 cross-sectioned fibres. The
total capillary number per area was subdivided by the total
fibre number (triplicate determination) per area and expressed
as the mean C/F ratio for each muscle and subject per group.

 

Western blot analysis

 

Lysates of subject-matched skeletal muscle biopsies from
bedridden women were separated by electrophoresis
(Protean System, www.bio-rad.com) as previously described
(Rudnick et al. 2004). Briefly, each gel was loaded with
preBR and subject-matched postBR protein samples (7.5 or
15 

 

μ

 

g) from candidates of the BR-CTRL and BR-EX group
(final concentration 1 mg mL

 

−

 

1

 

). Remaining lanes were loaded
with prestained broad-range standard molecular weight
markers (www.bio-rad.com) and positive controls for NOS1
protein (160 kDa, 7.5 

 

μ

 

g load) from mouse brain (www.
bdbiosciences.com), or with 5 

 

μ

 

g of human endothelial
cell lysates (140 kDa, 1 mg mL

 

−

 

1

 

, BD). Transblotted mem-
branes were blocked overnight at 4 

 

°

 

C with blocking
buffer (4 % non-fat milk powder) in TBST (20 m

 

M

 

 Tris base,
500 m

 

M

 

 NaCl, 0.05% Tween 20, pH 7.4). Protein bands
were immunolocalized on transblots with primary mono-
clonal anti-NOS1 (www.scbt.com, 1 : 750) in blocking buffer
for 1 h at RT followed by alkaline phosphatase (AP)-
conjugated secondary rabbit anti-mouse antibody incubation
(www.dakogmbh.de, diluted 1 : 500) for 1 h at RT, and
polyclonal goat anti-muscle-specific ring finger protein-1
(i.e. sarcomere-associated protein) MuRF1 (peptide near
C-terminal, sc-27642, SCBT, 1 : 150) followed by secondary

AP-conjugated chicken anti-goat (SCBT, 1 : 500). Immuno-
stained membranes were developed by use of an NBT/BCIP/
1 m

 

M

 

 levamisole colour detection kit (www.piercenet.com).
Quantifications of NOS1 or MuRF1 antigens were made
for each sample in triplicate by determination of the rela-
tive optical density (OD) of immunostained protein bands
by densitometry scanning (GS-800, Quantity-One™ software,
www.bio-rad.com). Mean OD values were expressed as
relative percentage difference of postBR samples vs. subject-
matched preBR samples (mean OD values arbitrarily set as
0%) as plotted in the graphs.

 

Statistics

 

All data were expressed as mean 

 

±

 

 standard error of the
mean (SEM). Possible differences among groups were
evaluated by 

 

ANOVA

 

. Comparisons between two means
were based on paired Student’s 

 

t

 

-test after variance analysis.
Significance for all tests was determined at the 

 

P

 

 

 

<

 

 0.05
level, or as elsewhere given in the figures.

 

Results

 

Exercise in bed rest mainly preserved size of fast 
myofibres II in VL and SOL

 

For size determination of the muscle fibres we performed
quantitative morphometrical measurements on cross-
sectioned profiles (CSA) of myofibres I and II identified by
slow/fast MyHC/NOS1 co-immunostaining (Fig. 1A,B).

 

BR-CTRL

 

In VL, reduced myofibre size profiles were observed after
bed rest (Fig. 1A), which is reflected by significantly decreased
post CSA values in both myofibres I and II (–20% and –30%
respectively, compared with subject-matched pre CSA
values set as zero baseline). In SOL, overall reduced myofibre
size profiles were also documented after bed rest (Fig. 1B).
Here, significantly altered post CSA values were documented

Fig. 1 Quantitative determination of the cross-sectional area (CSA) of vastus lateralis (VL) and soleus (SOL) slow-type (I) and fast-type (II) muscle fibres 
of women in 60-day bed rest without (BR-CTRL) and with exercise (BR-EX) countermeasure. BR-CTRL group (bed rest-only): the relative size of myofibres 
is reduced in (A) VL (n = 7) and (B) SOL (n = 5) as compared with baseline (subject-matched pre bed rest values set as 0%). BR-EX group (bed rest plus 
resistive and aerobic exercise): the CSA values are increased in (A) VL (n = 8) and maintained in (B) SOL (n = 5) as compared with baseline (subject-
matched pre bed rest values set as 0%). Significance at P < 0.05 (*).
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only in myofibres I (–35% vs. pre), with minor changes of
CSA values in myofibres II (–5% vs. pre) as compared with
pre CSA values (Fig. 1B).

 

BR-EX

 

In VL, the fibre profile size was changed (Fig. 1A) as
reflected by the increased CSA values in both myofibre
types I and II (by 20% and 30%) as compared with subject-
matched pre values. In SOL, the size of the myofibre types
I and II profiles was largely maintained with a trend to
increased profile size, i.e. hypertrophy, in the range 10–
15% vs. baseline (Fig. 1B,D).

 

Exercise preserved relative distribution patterns of 
myofibres I vs. II

 

As the myofibre type distribution patterns may be altered
by muscle disuse or activity, we determined the changes in
the relative distribution of slow and fast-type myofibres
(

 

Δ

 

% distribution) in cross-sectioned biopsies in both BR-
CTRL vs. BR-EX groups before and after bed rest (Fig. 2).

 

BR-CTRL

 

In VL, small changes of the myofibre pattern I vs. II (

 

c

 

. 5–
10% change) were documented after bed rest as com-
pared with 0% baseline representing subject-matched pre
levels (Fig. 2). In SOL, a significant shift in the distribution
patterns of myofibres I and II (i.e., slow 

 

>

 

 fast) was clearly
documented by confocal immunofluorescence and con-
firmed by quantitative counts of fMyHC-immunoreactive

profiles (red fluorescence) vs. non-labelled profiles denoted
as slow myofibres I (Fig. 2).

 

BR-EX

 

In VL, by contrast, relatively more myofibres II than I were
detectable at the end of bed rest (Fig. 2). In SOL, however,
a similar myofibre type shift was not detectable at the end
of bed rest (Fig. 2). Quantified data are presented as bar
graphs (Fig. 2B) representing percentage change (

 

Δ

 

%) of
myofibres I and II vs. baseline (subject-matched pre values).

 

Exercise increased NOS1 expression in both slow and 
fast myofibres

 

The altered myofibre membrane expression of the NOS1
biomarker can be readily seen in confocal images of pre vs.
post biopsies by variable membrane signal intensities
(immunofluorescence) in cross-sectioned myofibre profiles
(Fig. 3A). Thus, we measured such changes by quantitative
pixel analysis of NOS immunofluorescence signals at defined
subsets of membrane portions as outlined by rectangular
ROIs (2400 pixels within 320 

 

μ

 

m

 

2

 

) using image scans of
cryosections from the biopsies. Only membranes in well-
defined subgroups of either myofibres I or II profiles were
measured in order to avoid detection of overlapping
membrane signals from neighbouring myofibres (Fig. 3A).
Quantitative data of VL or SOL are shown as bar graphs
(Fig. 3B). In the BR-CTRL group, reduced sarcolemma NOS1
intensity levels were found in myofibres of VL. In SOL
myofibres the NOS1 intensity was significantly decreased

Fig. 2 Distribution patterns of myofibre 
type I/II in vastus lateralis (VL) and soleus (SOL) 
of women in bed rest without (BR-CTRL) and 
with (BR-EX) exercise. (A,B) Detailed areas of 
representative image pairs of VL and SOL with 
myofibre type II (fMyHC, red) and sarcolemma 
co-immunostaining (NOS1, green). BR-CTRL 
group: in VL (n = 7), only minor changes were 
seen in the distribution of myofibres I and II. 
BR-EX group: the VL (n = 8) showed altered 
myofibre type patterns (more myofibres II 
than I). BR-CTRL group: in detailed areas of 
representative image pairs of SOL (n = 5), but 
not VL (n = 7), the myofibre type pattern was 
significantly altered after bed rest (relatively 
more myofibres II than I). BR-EX group: in SOL 
(n = 5) and VL (n = 8) the relative myofibre type 
pattern after bed rest was similar to normal (pre 
values). (C,D) Statistical analysis of the relative 
change in VL (C) and SOL (D) myofibre type 
distribution. Significant changes were observed 
only in SOL type II myofibres of the BR-CTRL 
group. The subject-matched pre bed rest values 
were set as 0% baseline. Significance at 
P < 0.001 (*), paired Student’s t-test after 
variance analysis.
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as compared with subject-matched pre baseline levels
(Fig. 3). In the BR-EX group, the sarcolemma NOS1 intensity
levels were clearly maintained (VL) or even overexpressed
(SOL) after bed rest as compared with the pre baseline
levels (Fig. 3).

Changes of MuRF1 proteolysis biomarker in VL 
and SOL

In both VL and SOL, MuRF1 immunoreactivity was detected
by confocal analysis in the cytosolic/myofibrillar compartment
of myofibres (Fig. 4). Apart from a low to moderate baseline
expression in muscle fibres, strong cytosolic immuno-
fluorescence MuRF1 signals were detected in subpopulations
of atrophic myofibres in both VL and SOL after bed rest
(post), which were not seen in subject-matched pre samples
(Fig. 4A, insets). However, no clear correlations between
MuRF1 expression and myofibre types were found using
MuRF1/MyHC co-immunolabelling techniques in either
BR-CTRL or BR-EX groups (data not shown).

Immunoblot analysis of subject-matched biopsy lysates
revealed a major MuRF1-immunoreactive band (arrow)
in both the BR-CTRL and the BR-EX groups (Fig. 4B). From
each pair (i.e. subject-matched pre vs. post), the MuRF1-
immunoreactive band was analysed by densitometry
(Fig. 4C). After bed rest, significant changes of MuRF1
protein levels were not found in VL of the BR-CTRL or the
BR-EX group as compared with pre levels. In untrained SOL

(BR-CTRL), significant changes of MuRF1 protein levels
were observed (> 35% vs. baseline). However, in trained SOL
of the BR-EX group, MuRF1 levels were largely maintained
following bed rest as compared with pre levels (Fig. 4C).

Changes in the microvasculature patterns and C/F ratio

In subject-matched pre vs. post biopsies of VL and SOL,
immunostaining was performed using an endothelial-
specific NOS3 isoform antibody that was combined with
the endothelial marker PECAM-1 to identify the micro-
vascular profile pattern, including the capillary structures
at the endomysial interface between skeletal muscle fibres
(Fig. 5). As expected, a nearly 1 : 1 overlapping immuno-
staining pattern was observed with both biomarkers (Fig. 5,
insets, lower right panel). Virtually no changes in either
NOS3 intensity or capillary density patterns of the female
hip and calf skeletal muscle of the BR-CTRL group were
seen as compared with subject-matched pre values (see
lower panel insets of Fig. 5). In the BR-EX group, post bed
rest samples revealed an altered capillary density pattern
as compared with pre bed rest samples from this group
(Fig. 5). Histomorphometric counts of immunostained
capillary structures within predefined groups of myofibres
were calculated and expressed as the C/F ratio for each
muscle and subject group (Table 1). In the BR-EX group,
the C/F ratio was significantly increased as compared with
the BR-CTRL group, suggesting the presence of a globally

Fig. 3 Nitric oxide synthase type-1 (NOS1) 
immunoreactivity and fluorescence intensity 
measurements at myofibre plasma membranes 
of biopsies without (BR-CTRL) and with (BR-EX) 
exercise before and after 60 days of bed rest in 
women. (A,B) Representative subject-matched 
pairs of confocal laser scan microscopy images 
of NOS1-immunostained cryosections before 
(pre) and after (post) bed rest. BR-CTRL group: 
decreased NOS1 immunoreactivity is seen in 
detailed images of post vs. pre bed rest VL 
and SOL. BR-EX group: increased NOS1 
immunoreactivity is seen in post vs. pre bed rest 
VL and SOL. (C,D) Quantitative pixel-image 
analysis (arbitrary units = a.u.) of post vs. pre 
bed rest sarcolemma NOS1 immunoreactivity 
(pre set as 0% baseline). BR-CTRL group: in 
both VL (C) and SOL (D), reduced membrane 
NOS1 immunofluorescence signals (pixel 
intensity post vs. pre bed rest) were present in 
slow (type I) and fast (type II) fibres. BR-EX 
group: in VL (C) and SOL (D), increased 
membrane NOS1 immunofluorescence signals 
(pixel intensity post vs. pre bed rest) were 
found, but only in myofibres I of VL and SOL, 
whereas NOS membrane signals of myofibres II 
were not changed. For sample numbers see 
Fig. 2. (*) Significance at P < 0.001, paired 
Student’s t-test after variance analysis.
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Fig. 4 MuRF1 immunofluorescence and 
immunoblot expression in VL and SOL without 
(BR-CTRL) and with (BR-EX) exercise before and 
after bed rest in women. (A) Overall distribution 
of confocal MuRF1 immunofluorescence in VL 
and SOL after 59 days of bed rest (BR-CTRL). 
Insets show robust immunofluorescence of 
individual myofibres found in both VL and SOL, 
thus monitoring accelerated protein turnover/
degradation at the myofibre level. (B) Western 
blot analysis of paired subject-matched biopsy 
lysates showing MuRF1-immunoreactive bands 
(arrow) in parallel lanes (pre vs. post bed rest). 
An increase in the MuRF1-immunoreactive 
band was detectable only in SOL after bed rest 
(BR-CTRL). (C) Densitometric analysis of MuRF1-
immunoreactive protein bands (Δ% change 
post vs. pre bed rest). BR-CTRL group: 
significant increased MuRF1 levels were found 
only in SOL, but not in VL, after bed rest. BR-EX 
group: post bed rest MuRF1 levels did not 
differ significantly from pre bed rest values. 
(*) Significant at P < 0.05.

Fig. 5 Capillary density visualized by NOS3/
PECAM immunomarkers in subject-matched 
pre vs. post bed rest biopsies of the BR-EX 
group. The immunostaining pattern of NOS3 
(green fluorescence) of the microvasculature 
network and capillaries was different in both VL 
(upper panel) and SOL (lower panel) as 
compared with the subject-matched pre bed 
rest patterns (cf. C/F ratios in Table 2). Insets 
show higher magnification confocal images of 
myofibre perpendicular profiles surrounded by 
NOS3/PECAM co-immunostained capillaries 
(NOS3, red), and a merged red/green image 
(NOS3/PECAM, yellow) used for quantification 
of C/F ratio (Table 2). In the BR-CTRL group, the 
capillary distribution was unchanged (data not 
shown).



Skeletal muscle atrophy and biomarkers, M. Salanova et al.

© 2008 The Authors
Journal compilation © 2008 Anatomical Society of Great Britain and Ireland

314

altered capillary network, probably supporting the micro-
perfusion capacity for both VL and SOL using the resistive
plus aerobic countermeasure protocol during bed rest.

Discussion

The principal new findings of this study were as follows:
(1) prolonged bed rest without exercise resulted in atrophy
of skeletal myofibres in lower limb muscles and a slow-to-
fast shift of the soleus muscle in women; (2) the myofibre
size, the slow/fast phenotype composition as well as the
muscular NO-signalling pathway of VL and SOL muscle
were maintained following a combined resistive and
aerobic exercise protocol during bed rest; (3) MuRF1 is
overexpressed in the SOL of bed rest subjects only and
maintained to almost normal levels in trained VL and SOL
after bed rest; and (4) NOS and MuRF1 are useful in moni-
toring morphological and biochemical changes in func-
tional compartments of atrophied vs. trained human skeletal
muscle following chronic disuse in bed rest.

Structural and biochemical responses of female 
skeletal muscle in bed rest

Changes in the morphology and phenotype of muscle fibres
and the cellular and biochemical pathways in humans can
only be evaluated by biopsy samples of skeletal muscle.
However, being aware of the variability of muscle fibre
areas (Lexell & Taylor, 1989), the possible heterogeneity of
the fibre size or even the reproducibility of the biopsy
sampling (Mahon et al. 1984) must be considered. Confocal
and biochemical analysis of VL and SOL muscle biopsies
from the WISE study was always done by subject-matched
analysis using perpendicularly cut cryosections and proper
tracing of cell borders by immunodetection of membrane-
bound molecular complex antigens to minimize any bias in
terms of intersubject variability (Rudnick et al. 2004).

Large variations in the fibre type distribution can be found
within muscle and between individuals (Staron et al. 1990;
Staron, 1997) in women. The normal muscle fibre composi-

tion and performance capacity of women has previously been
reported (Campbell et al. 1979). We found that preserva-
tion of the myofibre size varied between VL (more type II)
and SOL myofibre types (more type I) in trained women in
bed rest with a clear fibre type II hypertrophy of VL that
was missing in the soleus. A greater plasticity of myofibres
II seems to exist that appears to be more pronounced during
strenuous training and may result in faster atrophy during
detraining (Staron et al. 1991) while myofibres I may also
hypertrophy following longer exercise protocols (> 10 weeks).

Rapid muscular adaptations were found in both 6-week
trained and non-previously trained women (Staron et al.
1990). The number of hybrid fibres expressing mixed MHC
isoforms is decreased following heavy resistive exercise,
suggesting a shift of hybrid or IIx toward IIa fibres (Staron
et al. 1990). In the present study, myofibre subtypes were
not properly detected in terms of IIa, IIb or IIx subclassifi-
cations. Nevertheless, at the end of the WISE bed rest
period only very few fibres (< 3–5% with both slow and
fast MyHC immunoreactivity) were seen. Therefore, the
significant changes observed in myofibre phenotype
distribution, particularly in trained vs. non-trained SOL of
women after prolonged bed rest, may not be due to the
presence of large proportions of hybrid fibres. Rather, our
results suggest an overall increase in the expression of type
I myosin.

The muscular NOS1/NO system. A marker of skeletal 
muscle activity?

Exercise performed during female bed rest increased
sarcolemma NOS1 expression, consistent with the results
obtained from the previous male bed rest study (Rudnick
et al. 2004). We thus conclude that confocal immuno-
detection of NOS1 at the myofibre level can be considered as
an immunocytochemical marker monitoring skeletal muscle
activity or inactivity following extended bed rest in both
women and men.

Changes in muscular NOS expression have been previously
described in normal and diseased human skeletal muscle.
Sarcolemmal NOS1 immunoreaction is absent from dys-
trophic human muscle (Chao et al. 1996) and highly reduced
in atrophic myofibres of various human muscle diseases
(Schoser et al. 1997). Increased levels of NOS1 proteins have
been reported for skeletal muscle following acute physical
exercise protocols in humans (Tatchum-Talom et al. 2000).
Molecular assembly or disassembly remodelling mechanisms
of the sarcolemmal membrane architecture by muscle activity
via mechanotransducing complexes, i.e. focal adhesion
kinase (FAK) and paxillin, have been shown previously in
animal muscle (Fluck et al. 1999). Similar sarcolemma-
associated mechanisms would explain altered NOS1 protein
levels as reflected by increased sarcolemmal immuno-
fluorescence found in trained vs. non-trained skeletal muscle
of both men and women in bed rest. Regular resistance

Table 2 Capillary-to-fibre ratios of trained and non-trained VL and SOL 
muscle in female bed rest (BR)

Muscle/BR group preBR postBR P value

VL/BR-CTRL 1.55 ± 0.21 1.58 ± 0.20 NS
VL/BR-EX 1.69 ± 0.17 2.07 ± 0.38 0.024*
SOL/BR-CTRL 1.96 ± 0.53 1.61 ± 0.19 NS
SOL/BR-EX 1.81 ± 0.17 2.25 ± 0.40 0.05*

Values shown are mean ± SD.
*Significant changes (postBR vs. preBR) compared with 
subject-matched subjects (P < 0.05).
NS, not significant; VL, vastus lateralis; SOL, soleus muscle.
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exercise performed during prolonged bed rest thus main-
tained sarcolemmal NOS1 and even upregulated normal,
i.e. constitutive, NOS1 protein levels in VL and SOL muscle,
suggesting beneficial as well as gender-independent effects
of muscle activity on the muscular NOS/NO system. More
subtle cellular changes of the NOS/NO system and the effects
of regular exercise training imposed on human lower limb
skeletal muscles during initial time sequences of extended
body immobilization remain to be established in future
short- and medium-term (e.g. 5- or 20-day) bed rest studies.

Apart from the known functions of NO in skeletal
muscle physiology and pathophysiology, unique biological
roles of NO signalling in muscle atrophy and plasticity of
gravitation-sensitive muscle species have now been well
documented by controlled experimental bed rest and
exercise countermeasures in both women (this study) and
men (Rudnick et al. 2004). The precise molecular mechanisms
whereby NO can modulate the function of, for example,
redox-sensitive proteins or pathways by, for example,
S-nitrosylation still need to be established for skeletal
muscle. Prolonged muscle deconditioning may affect NO
signalling, which, in turn, may add directly or indirectly
to atrophy mechanisms including functional depression of
contractility and force production (Kingwell, 2000). The
molecular and functional implications of altered NOS1
expression in muscle cell compartments of trained and
non-trained skeletal muscle, however, may be widespread
and need further investigation.

Monitoring skeletal muscle atrophy by MuRF1

The presence of elevated MuRF1 levels might reflect high
protein turnover/degradation by ATP-driven proteolysis
preferentially in disused SOL muscle in women that seemed
to be suppressed (i.e. returned to pre bed rest baseline
levels) by adequate muscle activity during bed rest. A
number of atrophy genes, termed atrogins (MAFbx, MuRF1),
are differentially expressed in multiple types of atrophy
that may comprise a common atrophy programme (Lecker,
2003). Using a morphological approach to monitor bed
rest-induced muscle atrophy, we determined the relative
protein breakdown/turnover rates by MuRF1 (anti-E3 Ub-
ligase) expression and immunostaining in non-trained vs.
trained skeletal muscle. Responses of the Ub-proteasome
pathway to changes in muscle activity probably reflect
muscular remodelling processes at the level of a non-
lysosomal ATP-driven proteolysis that is constitutively active
in myofibres under adaptation conditions, but also regu-
lates protein turnover continuously in normally active
muscle. A set of E1–3 ligases attach Ub polymers to dam-
aged intracellular proteins, which are targeted to the 26S
proteasomes for subsequent degradation (Reid, 2005).
MuRF1 (E3 Ub-ligase) belongs to a list of molecular signal-
ling pathway markers that are increased with diminished
muscle use and that are upregulated following muscle

denervation, or in spaceflown rats (Bodine et al. 2001;
Nikawa et al. 2004).

We found that MuRF1 levels at the end of bed rest were
highly upregulated in non-trained SOL (BR-CTRL) and
were at normal levels following resistive plus aerobic
training of women during bed rest (BR-EX). Similar obser-
vations were not made in the trained (BR-EX) vs. non-
trained VL (BR-CTRL) women. We therefore conclude that
altered protein turnover rates detected by MuRF1 analysis
may be due to individual muscular remodelling in mainly
slow vs. mixed slow/fast muscles toward the end of pro-
longed bed rest as reflected by altered myofibre type com-
position or myofibre type conversion in VL and SOL. Apart
from the overall MuRF1 immunosignal expression in the
majority of VL and SOL myofibres, overexpression of MuRF1
was detectable only in small subsets of myofibres in both
VL and SOL after bed rest. Due to the pre vs. post biopsy
paradigm of this study, we cannot comment on the exact
time course and possible myofibre type or even muscle-
specific expression of MuRF1. The global pattern of MuRF1
detected by immunoblot analysis, however, confirmed
that the combined resistive and aerobic countermeasure
protocol applied in the WISE study clearly maintained
constitutive protein turnover levels in VL and SOL. As com-
pared with subject-matched pre bed rest levels, elevated
MuRF1 levels were documented in the VL and SOL from
the bed rest-only group after bed rest, suggesting the
presence of accelerated proteolysis or high protein turn-
over rates that would be anticipated from atrophying
skeletal muscle due to chronic disuse.

Endothelial NOS3 expression and capillary density 
in muscle

Aerobic exercise by LBNP prevented maladaptation of the
cardiac/vascular system and blood perfusion rates (Dorf-
man et al. 2007) that should also increase limb blood flow
(Joyner & Dietz, 1997) and muscle perfusion and oxygen
delivery to the skeletal muscle particularly of the lower
extremities following extended bed rest immobilization.
We therefore sought to monitor the altered histological
pattern of global capillary density in biopsy samples of
women in bed rest. The endothelial isoform NOS3, which
co-localizes with the endothelial marker PECAM, is a
potent vasodilator and mutant mice lacking the gene for
this isoform are hypertensive. NO regulates vascular blood
flow in humans during voluntary exercise and changes
may reduce tolerance for voluntary exercise (Shen et al.
1995). Capillarity reflects the structural potential of the
muscle supply (capillary bed) and O2 and the possible O2

demand of a muscle, e.g. assessment of aerobic capacity,
otherwise known as the capillary-to-fibre interface in muscle
(Mathieu-Costello, 1994). We found that the C/F ratio
was significantly increased in the trained VL and SOL
(BR-EX) as compared with the non-trained BR-CTRL group,
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supporting the idea that principally LBNP treadmill
exercise, in addition to resistive mechanical load, resulted
in higher capillary density patterns and thus muscle per-
fusion rates in trained vs. non-trained women in bed rest.
High-intensity resistance training as performed in the WISE
study is known to increase VO2 max. in human skeletal muscle,
which is dependent on both limb blood flow and local
microperfusion parameters possibly mediated by paracrine
actions of sarcolemmal and/or endothelial derived NO
(Lau et al. 2000), supporting a separate role for NO in
aerobic muscle supply and related force production. Together
with previous observations (Rudnick et al. 2004), the present
findings provide evidence in women for an effective
countermeasure to overcome functional deficits skeletal
muscle due to an insufficient capillary-to-fibre interface
and thus lowered muscular microperfusion because of the
chronic muscle disuse and the haemodynamic fluid shift
encountered by the head-down tilt position in bed rest.

Gender differences

We found that muscle atrophy in female bed rest appears
to be less distinctive (10–20% loss in SOL) than in males
(30–40% loss in SOL), which might be explained by the
duration of bed rest, i.e. 60 days (WISE study) vs. 90 days
(LTBR study), and the different time points of the pre vs.
post biopsy samplings (Rudnick et al. 2004). The role of
endocrine mechanisms that could possibly protect skeletal
muscle from disuse-induced atrophy in women and men
remains to be established. Only a few studies have reported
on neuromusculoskeletal system changes in female bed
rest immobilization and exercise countermeasure (Ito et al.
1994; Yamamoto et al. 1997; Koryak, 1998). Of the findings
reported to date, neural activation and contractile proper-
ties of triceps muscle are different in men and women
following 120 days of bed rest (Koryak, 1998). Gender
differences in strength and muscle fibre characteristics have
been previously documented in women and men (Hakkinen
et al. 2001). The normal fibre type composition in untrained
young men and women (aged 21 yrs) revealed larger CSA
values in all major fibre types in men vs. women, myofibre
type IIA being the largest in men (IIA > I > IIB) and type I
being the largest in women (I > IIA > IIB; Simoneau et al.
1985). Altered biochemical characteristics were also found
between bed rest men and women (Pincivero et al. 2001).
The structural muscle changes between men and women
following heavy resistive exercise may be subtle (Delmonico
et al. 2005). Unlike in men, women (aged 39 ± 3 years)
seemed to be hypertrophically responsive, particularly with
regard to size of myofibres II, to a maximal resistive 6-month
training protocol for maximal strength and power develop-
ment (Colliander & Tesch, 1991).

Of more than about 500 candidates tested so far in bed
rest studies, fewer than 20% are women (Ito et al. 1994;
Yamamoto et al. 1997; Koryak, 1998). Therefore, comparable

bed rest data on gender differences in muscle cell biology
are still missing and efficacy of reliable countermeasure
protocols supporting the neuromusculoskeletal system
both in women and in men have to be evaluated following
prolonged body deconditioning in bed rest or spaceflight.
Future bed rest studies with men and women with and
without exercise countermeasure may help to gain further
insight into gender-specific cellular adaptation mechanisms.

A potential limitation of our study is the fact that we
only studied pre vs. post muscle biopsies instead of a pro-
tocol with more biopsies particularly from early onset of
muscle atrophy at 1–4 weeks after the start of bed rest.
Thus, the exact time course of atrophy including early
onset and ongoing cellular remodelling mechanisms and
the physiological adaptations in muscle associated with
bed rest in women could not be studied. Alternatively,
short- and medium-term bed rest studies lasting, for example,
5 and 20 days are planned that might help to answer
questions regarding initial responses in human skeletal
muscle atrophy due to bed rest-induced disuse. Due to the
combined exercise protocol applied during the WISE study
we cannot comment on the different modes of resistive vs.
aerobic training and their specific benefits for muscle his-
tology, protein turnover/degradation, and precise muscu-
lar biomarker responses of women in bed rest.

Conclusion

Molecular biomarkers monitoring the morphological and
biochemical changes in defined functional compartments
in human skeletal muscle may help provide a better under-
standing of the cellular responses (e.g. NOS/NO signalling
and ubiquitin proteolysis pathways) to prolonged muscle
disuse with or without exercise countermeasure in future
bed rest studies. Combined protocols using various modes
of exercise might be useful as gender-independent poten-
tial countermeasures to offset muscle atrophy following
body deconditioning in variable clinical settings as well as
in human spaceflight.

Acknowledgements

The WISE-2005 study was sponsored by ESA, NASA, CSA and by the
French Centre National d’Etudes Spatiales (CNES), which has been
the ‘promoteur’ of the study according to French law. The study
has been performed by MEDES, Institute for Space Physiology and
Medicine in Toulouse, France. Special thanks to Peter Jost (ESA),
Victor Schneider (NASA), Nicole Buckley (CSA) and Guillemette
Gauquelin-Koch (CNES) for their organizational input and efforts
on the WISE-2005 study. The entire MEDES staff, Marie-Pierre
Bareille and Arnaud Beck, the study nurses and the 24 outstanding
women who volunteered for this bed rest study are thanked for
their personal input and enthusiastic help. Jacques Mercier,
Yvonne Mounier, Scott and Todd Trappe, Laurence Stevens and
Angèle Chopard helped with the biopsies. Thanks to Per Tesch,
Björn Alkner and Alan Hargens team for establishing the unique
exercise devices. Wyle-Laboratories Life Sciences service team



Skeletal muscle atrophy and biomarkers, M. Salanova et al.

© 2008 The Authors 
Journal compilation © 2008 Anatomical Society of Great Britain and Ireland

317

(Cologne, Germany) provided technical and exercise supervision.
Work in our laboratory is supported by grants from the German
Aerospace Center e.V. (DLR), Bonn-Königswinter (#50WB0521 to
D.B.).

References
Adams GR, Caiozzo VJ, Baldwin KM (2003) Skeletal muscle unweight-

ing: spaceflight and ground-based models. J Appl Physiol 95,
2185–2201.

Alkner BA, Tesch PA (2004) Knee extensor and plantar flexor
muscle size and function following 90 days of bed rest with or
without resistance exercise. Eur J Appl Physiol 93, 294–305.

Baldwin KM, White TP, Arnaud SB, et al. (1996) Musculoskeletal
adaptations to weightlessness and development of effective
countermeasures. Med Sci Sports Exerc 28, 1247–1253.

Berg HE, Tesch PA (1998) Force and power characteristics of a resis-
tive exercise device for use in space. Acta Astronaut 42, 219–230.

Bergstrom J (1979) Muscle-biopsy needles. Lancet 1, 153.
Billeter R, Puntschart A, Vogt M, et al. (1997) Molecular biology of

human muscle adaptation. Int J Sports Med 18 (Suppl. 4), S300–
301.

Bloomfield SA (1997) Changes in musculoskeletal structure and
function with prolonged bed rest. Med Sci Sports Exerc 29, 197–
206.

Blottner D, Püttmann B, Salanova M, et al. (2007) Skeletal muscle
deconditioning, nitric oxide (NO) biomarker, and exercise
countermeasure-five years of bed rest studies. J Gravitational
Physiol 13, 49–58.

Bodine SC, Latres E, Baumhueter S, et al. (2001) Identification of
ubiquitin ligases required for skeletal muscle atrophy. Science
294, 1704–1708.

Booth FW, Chakravarthy MV, Spangenburg EE (2002) Exercise and
gene expression: physiological regulation of the human genome
through physical activity. J Physiol 543, 399–411.

Campbell CJ, Bonen A, Kirby RL, Belcastro AN (1979) Muscle fiber
composition and performance capacities of women. Med Sci
Sports 11, 260–265.

Chao DS, Gorospe JR, Brenman JE, et al. (1996) Selective loss of
sarcolemmal nitric oxide synthase in Becker muscular dystrophy.
J Exp Med 184, 609–618.

Colliander EB, Tesch PA (1991) Responses to eccentric and concen-
tric resistance training in females and males. Acta Physiol Scand
141, 149–156.

Delmonico MJ, Kostek MC, Doldo NA, et al. (2005) Effects of moderate-
velocity strength training on peak muscle power and movement
velocity: do women respond differently than men? J Appl Physiol
99, 1712–1718.

Dietz V, Duysens J (2000) Significance of load receptor input
during locomotion: a review. Gait Posture 11, 102–110.

Dorfman TA, Levine BD, Tillery T, et al. (2007) Cardiac atrophy in
women following bed rest. J Appl Physiol 103, 8–16.

Evans WJ, Phinney SD, Young VR (1982) Suction applied to a muscle
biopsy maximizes sample size. Med Sci Sports Exerc 14, 101–102.

Ferrando AA, Paddon-Jones D, Wolfe RR (2002) Alterations in
protein metabolism during space flight and inactivity. Nutrition
18, 837–841.

Fluck M, Carson JA, Gordon SE, Ziemiecki A, Booth FW (1999) Focal
adhesion proteins FAK and paxillin increase in hypertrophied
skeletal muscle. Am J Physiol 277, C152–162.

Fluck M, Hoppeler H (2003) Molecular basis of skeletal muscle plas-
ticity – from gene to form and function. Rev Physiol Biochem
Pharmacol 146, 159–216.

Fujii Y, Guo Y, Hussain SN (1998) Regulation of nitric oxide produc-
tion in response to skeletal muscle activation. J Appl Physiol 85,
2330–2336.

Glass DJ (2003) Signalling pathways that mediate skeletal muscle
hypertrophy and atrophy. Nat Cell Biol 5, 87–90.

Hakkinen K (1994) Neuromuscular adaptation during strength
training, aging, detraining, and immobilization. Crit Rev Rehab
Med 6, 161–198.

Hakkinen K, Kraemer WJ, Newton RU, Alen M (2001) Changes in
electromyographic activity, muscle fibre and force production
characteristics during heavy resistance/power strength training
in middle-aged and older men and women. Acta Physiol Scand
171, 51–62.

Ito K, Torikoshi S, Yokozawa K, Nagano J, Suzuki Y (1994) Gender
differences in muscle strength after 20 days bed rest. J Gravit
Physiol 1, P55–56.

Jackman RW, Kandarian SC (2004) The molecular basis of skeletal
muscle atrophy. Am J Physiol Cell Physiol 287, C834–843.

Joyner MJ, Dietz NM (1997) Nitric oxide and vasodilation in human
limbs. J Appl Physiol 83, 1785–1796.

Kingwell BA (2000) Nitric oxide-mediated metabolic regulation
during exercise: effects of training in health and cardiovascular
disease. FASEB J 14, 1685–1696.

Koryak Y (1998) Effect of 120 days of bed-rest with and without
countermeasures on the mechanical properties of the triceps
surae muscle in young women. Eur J Appl Physiol Occup Physiol
78, 128–135.

Lau KS, Grange RW, Isotani E, et al. (2000) nNOS and eNOS
modulate cGMP formation and vascular response in contracting
fast-twitch skeletal muscle. Physiol Genomics 2, 21–27.

LeBlanc A, Rowe R, Evans H, West S, Shackelford L, Schneider V
(1997) Muscle atrophy during long duration bed rest. Int J Sports
Med 18 (Suppl. 4), S283–285.

Lecker SH (2003) Ubiquitin-protein ligases in muscle wasting:
multiple parallel pathways? Curr Opin Clin Nutr Metab Care 6,
271–275.

Lee SM, Bennett BS, Hargens A, et al. (1997) Upright exercise or
supine lower body negative pressure exercise maintains exercise
responses after bed rest. Med Sci Sports Exerc 29, 892–900.

Lexell J, Taylor CC (1989) Variability in muscle fibre areas in whole
human quadriceps muscle: how to reduce sampling errors in
biopsy techniques. Clin Physiol 9, 333–343.

Mahon M, Toman A, Willan PL, Bagnall KM (1984) Variability of
histochemical and morphometric data from needle biopsy
specimens of human quadriceps femoris muscle. J Neurol Sci 63,
85–100.

Mathieu-Costello O (1994) Morphometry of the size of the capillary-
to-fiber interface in muscles. Adv Exp Med Biol 345, 661–668.

Maxwell AJ, Schauble E, Bernstein D, Cooke JP (1998) Limb blood
flow during exercise is dependent on nitric oxide. Circulation 98,
369–374.

Nakane M, Schmidt HH, Pollock JS, Forstermann U, Murad F (1993)
Cloned human brain nitric oxide synthase is highly expressed in
skeletal muscle. FEBS Lett 316, 175–180.

Nikawa T, Ishidoh K, Hirasaka K, et al. (2004) Skeletal muscle gene
expression in space-flown rats. FASEB J 18, 522–4.

Pincivero DM, Campy RM, Salfetnikov Y, Bright A, Coelho AJ
(2001) Influence of contraction intensity, muscle, and gender on
median frequency of the quadriceps femoris. J Appl Physiol 90,
804–810.

Reid MB (2005) Response of the ubiquitin-proteasome pathway to
changes in muscle activity. Am J Physiol Regul Integr Comp Physiol
288, R1423–1431.



Skeletal muscle atrophy and biomarkers, M. Salanova et al.

© 2008 The Authors
Journal compilation © 2008 Anatomical Society of Great Britain and Ireland

318

Rudnick J, Puttmann B, Tesch PA, et al. (2004) Differential expres-
sion of nitric oxide synthases (NOS 1–3) in human skeletal muscle
following exercise countermeasure during 12 weeks of bed rest.
FASEB J 18, 1228–1230.

Schoser BG, Luck G, Blottner D (1997) Partial loss of NADPH-diaphorase/
nitric oxide synthase-complex in amyotrophic lateral sclerosis and
human type-II myofiber atrophy. Neurosci Lett 231, 163–166.

Shen W, Zhang X, Zhao G, Wolin MS, Sessa W, Hintze TH (1995)
Nitric oxide production and NO synthase gene expression con-
tribute to vascular regulation during exercise. Med Sci Sports
Exerc 27, 1125–1134.

Simoneau JA, Lortie G, Boulay MR, Thibault MC, Theriault G,
Bouchard C (1985) Skeletal muscle histochemical and biochemical
characteristics in bed rest male and female subjects. Can J Physiol
Pharmacol 63, 30–35.

Staron RS, Malicky ES, Leonardi MJ, Falkel JE, Hagerman FC,
Dudley GA (1990) Muscle hypertrophy and fast fiber type con-
versions in heavy resistance-trained women. Eur J Appl Physiol
Occup Physiol 60, 71–79.

Staron RS, Leonardi MJ, Karapondo DL, et al. (1991) Strength and
skeletal muscle adaptations in heavy-resistance-trained women
after detraining and retraining. J Appl Physiol 70, 631–640.

Staron RS (1997) Human skeletal muscle fiber types: delineation,
development, and distribution. Can J Appl Physiol 22, 307–327.

Stewart CE, Rittweger J (2006) Adaptive processes in skeletal muscle:
molecular regulators and genetic influences. J Musculoskelet
Neuronal Interact 6, 73–86.

Tatchum-Talom R, Schulz R, McNeill JR, Khadour FH (2000) Up-
regulation of neuronal nitric oxide synthase in skeletal muscle by
swim training. Am J Physiol Heart Circ Physiol 279, H1757–1766.

Tidball JG, Lavergne E, Lau KS, Spencer MJ, Stull JT, Wehling M
(1998) Mechanical loading regulates NOS expression and activity
in developing and adult skeletal muscle. Am J Physiol 275, C260–
266.

Vassilakopoulos T, Deckman G, Kebbewar M, Rallis G, Harfouche R,
Hussain SN (2003) Regulation of nitric oxide production in limb
and ventilatory muscles during chronic exercise training. Am J
Physiol Lung Cell Mol Physiol 284, L452–457.

Watenpaugh DE, Ballard RE, Schneider SM, et al. (2000) Supine
lower body negative pressure exercise during bed rest maintains
upright exercise capacity. J Appl Physiol 89, 218–227.

Yamamoto T, Sekiya N, Miyashita S, et al. (1997) Gender differences
in effects of 20 days horizontal bed rest on muscle strength in
young subjects. J Gravit Physiol 4, S31–36.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 120
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 120
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


